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COMI’UXll)  WITH  ALKAl  1  MLTAL  !>AI  Is 

J.  J.  Fontanel  la ,  H.  C.  Wintersgi 1 1 ,  J.  P.  Calamc,  I'.  P .  Purse!,  and  I).  R.  f  i  jueroa* 
Physics  Department,  U.  b.  Naval  Academy,  Annapolis,  Md.  2140/’,  UbA 

C.  G.  AnJeen 

Physics  beparment,  Case  Western  Reserve  University,  Cleveland,  Ohio,  4410b,  USA 

Audio  frequency  complex  admittance  measurements  at  a  number  of  t  err  pe  natures  have  been 
performed  on  PLO  complexed  with  various  alkali  metal  perchlorates  arid  thiocyan.it es  at 
pressures  up  to  U.J  GPa.  In  y  eneral,  the  activation  volumes  tend  to  increase  with  the 
si/e  of  both  the  cation  and  anion,  [he  trend  is  best  explained  if  the  ion  transport 
mechanism  involves  both  anions  and  cations.  [he  results  are  in  yood  ayreement  with 
the  predictions  of  a  dynamical  diffusion  theory  with  an  attempt  mode  Gruneiscn 
parameter  appropriate  for  interchain  vibrations.  This  implies  that  ill  f  fusion  takes 
place  via  interstice-interstice  hoppiny  of  the  ions.  Next,  it  is  shown  that  free 
volume  considerations  lead  to  unreasonable  results  if  T0  is  interpreted  as  the  glass 
transition  temperature.  Finally,  the  effect  of  pressure  on  the  activation  volume  is 
determined. 


1.  INTRODUCTION 

Ion  conducting  polyethylene  oxitJel(PLO)  lias 
been  attracting  a  great  deal  of  at  tent  ion' '24 
because  of  possible  application  as  the  electro¬ 
lyte  in  .olid  state  batteries.  As  the  effect  of 
pressure  on  the  conductivity  provides  useful 
information  (oncoming  ion  transport,  such 
studies  of  P|  i)  cuiiipfe  >.od  with  various  salts  were 
undertaken  and  the  results  are  presented  here. 

2.  IW.R1MLNT  AND  Rt MILTS 

Films  of  PIO  (Polysc  k  nees ,  MW  r>xlOb)  with 
various  amounts  of  alkali  isetal  peri  filorates  and 
thiocyanates  were  prepared  as  described  else¬ 
where.''!  As  before,  aluminum  electrodes  were 
e  vapor  a  *  ed  onto  the  urfuces.  One  fan'  hail  a 
cenlr.i!  .  ircular  elutrode  of  about  U  run 
diameter  chi'  trip  other  was  about  III  mm  in 
diameter.  The  samples  were  <> .  ,'t-li .  y  mm  thick. 
The  configuration  was  chosen  to  be  optimal  for 
the  apparatus  used.  Such  a  configuration  does 
not  readily  yield  absolute  values  of  the 
conductivity  at  a  high  dccufdcy ,  however,  since 
trie  primary  goal  of  idle  present  work  is  the 
relative  change  in  conductance  with  pressure, 
this  was  considered  to  be  a  reasonable 
procedure. 

The  complex  udan  t  tar"  >•  measurements  were  made 
using  a  fully  automated  microprocessor- 
controlled  bridge  constructed  try  one  of  the 
authors  (CGA).  The  bridge  operates  at  five 
audio  freguencies  from  100-10,000  II/,  and  is  as 
accurate  as  the  best  commercial ly  available 
manual  bridges  (General  Radio  lf.16,  for  example). 

At  the  relatively  low  temperatures  of  the 
present  work,  it  was  found  that  there  was 
usually  very  little  difference  between  the  1,000 
and  10,000  0/  values  of  conductance,  even  though 
the  samples  were  rather  thin.  As  pressure 
increased,  however,  the  apparent  conductance 


became  lower  for  the  lower  freguencies. 

This  effect  can  be  seen  in  Figure  1 
where  the  results  fur  PFOjj-NaClOg  are 
shown.  This  is  due  to  enhanced  blocking 
electrode  effects.  However,  this 
dispersion  has  little  effect  on  the  2ero 
pressure  slope,  though  the  curvature  is  affected 
somewhat.  In  this  paper,  the  10, ODD  11/  datj 
will  be  taken  to  represent  the  conductance  of 
the  sample. 

Iwo  different  high  pressure  bombs  were  used, 
each  with  a  design  similar  to  that  described 
elsewhere. 2!>  The  pressures  were  generated  using 


figure  I:  ln(G(ohrn)‘  )  vs.  P ( GP a !  for  PFOjj-NaC^ 
at  314,9k.  The  data  are:  o- Increasing  presiure 
and  x- Decreasing  pressure  at  10,000  Hz;  +-|,i- 
creosint)  pro-sure  <n*d  ' -Oi»rro,is inq  pressure  at 
1  ,0(10  M’.  Tho  solid  lino  is  the  best  fit  rurve 
•  or  the  ll),()nn  0/  il.it a . 
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fable  I:  Va r i ous  experimental  iinil  ! *:i  oret l ea I  results  related  to  the  "Meet  <Jt  pressure  un  ttie 
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•Sample  provided  by  It.  Oupon  and  0.1.  Shriver,  northwestern  University 


I  ■  j  t  i  i  anion  ,nir|  nilrnqen  gases  as  well  as  in  I  inure  2  where  the  results  for  I’l  Op. -I  iflOj 

bplnesslic  .  2  oil.  I  he  measurements  ot  the  obtained  using  both  pas  and  oil  are  shown, 

pressure  were  made  using  a  Heist  7  kbar  bourdon  Clearly,  the  effect  of  pressure  on  the  con- 

tube  pressure  gauge.  In  many  cases,  the  data  ductivity  is  independent  of  the  pressurising 

runs  using  either  argon  or  nitrogen  gas  as  the  medium.  Samples  removed  from  the  pressure  bomb 

pressurising  medium  proved  not  to  be  entirely  after  a  week  of  constant  inittersion  in  the 

satisfactory.  The  samples  frequently  failed  Spinesstic  22  were  scrutinised  for  signs  of 

after  one  or  two  data  runs,  either  by  an  swelling  or  chemical  interaction  but  none  showed 

apparent  short,  circuit  or  by  generating  a  any  effects  from  the  oil. 

voltage,  furthermore,  the  samples  turned  white 

during  the  pressure  run.  All  the  samples  In  interpreting  the  results,  the  equation: 

returned  to  their  initial  transparency  after 

heating  at  lt)t)C  in  vacuum  for  a  few  hours.  ln(G)  1  n  ( r.  )  i  aP  *  tiP4  ■,  i ) 

Using  the  5pinessti<  22  as  the  pressure  fluid,  0 

however,  the  samples  showed  no  such  effects  and  where  G  ,  a,  and  h  are  constants,  was  best- 

the  change  in  appearance  of  the  samples  is  fitted  'to  the  data.  G  is  the  conductance  in 

therefore  attributed  to  dissolved  gas  in  the  -1  and  P  is  the  pressure  in  GPa.  The  results 

samples.  However,  the  dissolved  gas  had  very  of  tht  best-fits  are  listed  above  in 

little  effect  on  the  conductivity  as  can  be  seen  Table  1. 


3.  Ur.Ctl'.MON 

The  data  were  used  to  calculate  an  activation 
volume  associated  witr  tin-  conduction  process. 
The  activation  volume  is  defined  as: 


where  g  is  the  (1  ibb .  energy.  lhe  problem  is  to 
determine  the  most  appropriate  method  to 
associate  the  Gibbs  energy  with  the  ionic 
conductivity.  The  difficulty  arises  from  the 
uncertainty  as  to  whether  the  Arrhenius 
equation: 


r~U  EXP(  -h/kT) 


where  ii  i the  enthalpy,  or  a  free  voluim 
express  ion : 


EXP, - L  /k(T-T  )) 
a  o 


should  be  used  to  describe  the  conductivity.  As 
will  be  shown  below,  the  free  volume  expression 
leads  to  unreasonable  results  and  thus  ttie 
Arrhenius  equation  will  be  used. 

.1.1.  Arrhen  us  Analysis 


■-10.5 

-C 

o 


0  1  0.15 

P(GFa) 


I  i qure  ?:  Ln(i;;uiii:}  )  vs.  P(GT’a)  for  t’EtV-Lif  10 
The  data  arc:  o- Increasing  pressure  and  x- 
Decreasing  pre  sure  usinq  mtroqen  gas  at  310. JK 
-  Increas  iny  pressure  and  ‘-Decreasing  pressure 
usiny  Spines. tic  TV  at  3n’.. lilt-  data  are  at 
10,0.10  H/. 


parameter. 


liven  by: 


The  assumption  of  Aiiheiiiu.  beliavinr  leads  to  an 
activation  volume: 


v  =  -kl 


dll’  .’In  o  +  1  /.’>  \ 
3‘  '  -P  k  \  .P  ) 


wiiere  trie  entropy,  s,  is  given  by  g  h  -  Is. 
Assumin')  that  the  electric  field  inside  trie 
sample  is  uniform: 


where  A  is  the  area  oi  the  electrodes  and  d  is 
their  separation,  it  follows  that: 


where  v  is  ‘be  isothermal  tomprc-ssibi  1 1  ty. 
Further,  assuming  that  the  only  pressure 
dependent  terms  in  the  pre-expunenti al  are  tin? 
attempt  mode  frequency,  .  ,  trie  number  of 
charge  carriers  per  unit  volume,  n,  and  tin- 
mean  squared  jump  distance,  r.  that  is. 

°o  1  ^  anr^  (8) 

arid  also  that  the  entropy  is  independent  of 
pressure.  Equation  (f>)  become-.: 


Hie  I.  i.,'i.|‘i v  , s  if  i  1  ]  t  v  ot  pure  ;  is  1 1 . 1 T  7 CiP <j ) 
as  reported  by  I  to.-  •’  As  values  for  coup  lord 
Piu  .to  not  appear  to  he  available  at  present, 
this  value  will  be  used  for  the  cornplexod 
Material  also,  there  is  ( ore.  idetsible  ambiju.ty 
js  to  li,  appi.  pi  late  value  of  .  l( .  talk 
Grunei  .on  con-  tanfs  for  polymers  are  on  the 
order  ol  (.•!'»,. '7  i.-h  lie  node  firuitc  i  .»>•  cons  tanfs 
range  Iron'  n. •■•>!)  'o  about  r.t'P  however,  ttie 
ar.liv.it  inn  vo I  .  i-  i.  relatively  ire  er-itivi  to 
t.hi •  valut  oi  ,,  ■  in  ,  ,  for  .>t  c  for  e. ample,  the 
i  nrrei  i  ion  f„  tor  ir.  -  iuat  inn  (  ,  i(  )  i1  about 
0 . .'  t',  fe, i )  ■  I  wuiih  I'pres.iit.  a  diflri'-nir  of 
only  about  I.'  in  tin-  activation  volume. 

.'n  order  to  be  internally  (onsi'tpnt,  dynamical 
di*  fusion  theory  will  be  used  to  estimate  ,  a . 
t-pec  1 1 1  cal  1  v ,  it  rolt.'ws  f rota  llynre’'1  that: 


li,is  equation  n.i .  linen  used  successfully  in 
similar  oppl  i  i  at  ions  for  ionic  crystals.-®' 
Insetting  Iquation  (11)  into  Iquation  (h),  the 
wort:  inq  equjt  uni  I  ecoi.'ies  : 


In  this  expression,  ttie  attempt  mode  Grunei-. en 


The-  re  ult.int  value-,  ot  the  activation  volumes 
are  listed  in  the  seventh  column  ot  Table  1 


figure  3:  l. >> i  iidim-Li:.)  )  vs.  lUOO/Tl!  )  ‘ 
Plu  complexed  with  vu I'l.i.j,  alkali  met  il 
thiohjJh.UC'S  :  (u)  l’lb.,-1..  ll.LN  ib)  I’l  KbCl 

(t)  no, 


I  inure  I:  Ln(  , eh;:  -  ..a,)  )  is.  ldOU/Tfk  i  for 

riO  (wo!  pic -ed  v. . Mi  various  aH.al  i  metal 
perch  Int  o  tes  .  \  a '  ,’LO.;  v-ftuC  I’.l.t  {b}  hi 
N.icPj.;  f (. J  i'li).  -Li  t  !0.;. 


i  j  ,  in;  values  (it  ;>ie  ',!’-l".  energy  ,||  |>  >r  I  >  <  imbed  by 
til.'  enthalpies  pel,  n  !ne.|  f  pills  tile  slut"  in 

f  i  gui  ;  and  ’. . 

There  are  .ever.il  It  * ,  1 1  n- j  feature,  i.t  lii. 
results.  1 1»?  Host  n  w.i  taut,  trend  is  that  in 
gere  ill  Liu  activation  e.lji'e  intrej-.es  with 
t'Ot.n  tin.  si/e  of  the  ■;j’  ,.en  .nni  anion,  lor 

IV. ample,  v  for  I’l  tl/l  . Ha  s  1 0  j  Is  s  i  .pit  t  i  i  ant  I  . 

la,  .  .  Li  .  It,  lot  IS  !).;  II.  1*..'  •  l,  ,.|.  t 

.  ■  >  I  !,...  it  in  I  ,.i  til  I  .  1 1  el  i  t  is  I  It, 1 1  ’  ta 

0)  f  fe, voire  is  due  to  1  ho  djffereme  in  si/e  and 
shape  of  the  anions  and  that  the  anions  are 
mobile.  1  hat  is,  the  tetrahedral  perchlorate 
ion  requires  no re  volume  increase  of  the  polymer 
matrix  than  does  the  linear  thiocyanate  ion  in 
order  tor  transport  to  take  place.  Also,  it  is 
possible  that  a  larger  number  of  perchlorate 
ions  than  thiocyanate  ions  taay  be  mobile. 

These  considerations  support  the  recent  results 
of  Weston  jnd  Steele^ and  Sorensen  and 
Jacobsen? 3  which  imply  that  the  anions  are 
ret.  I  I”. 

Of  course,  r.*  explanations  are  possible,  tor 
example,  it  is  not  necessary  ’.hat  the  anions  be 
mobile.  Their  function  may  simply  be  to 
decrease  the  tree  volume,  which  should  in  turn 
increase  the  activation  volume  for  motion  of 
cations.  However,  the  difference  between  P[ 0- 
iiabCt,  arid  PLO-haClOg  seems  to  be  too  large  to  tie 
attributable  to  cation  motion  alone.  Other 
explanations  may  be  associated  with  morphology 
or  degree  of  crystallinity,  experiments  are 
currently  underway  to  ascertain  the  extent  to 
which  such  factors  are  influencing  transport 
processes . 

Must  trends  shown  by  the  remaining  results  are 
also  consistent  with  an  argument  based  on  ion 


si/e.  Spur ifi.ally.  the  activation  volume  for 
bib,  I  it  10.1  r.  lib',  than  for  I'LHp.-Vb. b.V,  and 
v  for  I'!  Oj .  'j  11  i  c‘.  i,  slight!'.'  v  a!  br  than  for 
I’l  -KSCh.  I  he  latter  result-,  arc  particularly 
significant  sin,n  "leitrical  relaxation  studies 
■.how  that  there  are  severe  local  distortions  of 
die  polymer  chains  in  PtO-KSCh1.?)  finally,  V 
f."'  bin  -I  if;] O'.  .1;  i  "ui".  to  la-  larger  than  for 
I!  Hi.-!  iM.f.  Ht'i'iih  I'le  i|  i  f  fin  ii,  i-  is  in,'  so 
ill  .1  l  1 1  In,  1  i-.  Ml.  |  1  11  '§■-§■  ,;i  In  -.1  \t  I  <  r  i  ,1  I  .  . 

The  one  i  le.ir  exception  to  the  rule  of  scaling 
of  v  witli  ion  size  is  that  v  tor  iTOg-LiSCN  is 
larger  than  for  f'T O.g  4 g-NaSCN .  However,  it 
should  be  kept  in  mind  that  the  I.  if.CN  complexed 
materials  were  p>  ep.iretl  wi  t  hout  taking  great 
care  to  exclude  water  and  were,  in  fact, 
syntiu".  i ,’ed  using  hydrated  liSCN.-l 
Consequently,  the  I’LOg-liSCN  results  may  tie 
anomalous  as  the  role  of  the  water  has  jet  to 
t>e  determined. 

'lext,  information  concerning  the  transport 
mechanism  can  be  obtained  from  further 
consideration  of  dynamical  diffusion  theory, 
in  particular,  the  values  of  .a  in  equation  (11) 
necessary  to  predict  the  experimental  values  of 
tne  activation  volume  are  of  interest.  These 
values  of  have  been  calculated  and  are  listed 
in  Table  1.  It  is  seen  that  the  values  are  all 
greater  than  1.0.  This  implies  that  it  is  the 
low  frequency  interchain  vibrations  of  the 
polymer  which  control  the  ionic  motion.  This  is 
because  intrachain  mode  Gruneisen  parameters  are 
usually  much  smaller,  typically  0.000-0.5  while 
interchain  , 'r.  arc  larger  than  1.0  (Ref.  ?.8) . 

The  reason  for  this  is  simply  that  interchain 
vibrations  (chain-chain)  are  much  more  strongly 
affected  by  pressure  than  intrachain  vibrations 
(motions  within  the  chain).  The  difference  is 
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enhanced  t>y  the  ■.lu!  Ut  ttvqui'iu  if.  wtm.ii  upi'iar 
in  tin'  deni  >m  nu  I  er  e)  t  ti>  -  cxpr.-  .  inn  Ini’ 
lqu.it  inn  |U.  U)ir.i'.  ;m  nt  I  y ,  tin  pn_tu>c  ot 
ion  motion  in  I’LO  suggested  hy  the  results  ol 
tin*  present  pressure  wmi  is  that  at  high 
temperatures  both  anions  ami  cations  undergo 
"interst ice-interstice"  hopping  via  low 
frequency  interchain  vibrations.  "Interst ices" 
are  taken  to  be  the  spaces  between  the  polymer 
chains.  The  reason  for  choosing  the 
"interstices"  rather  tnan  the  chains  them¬ 
selves  as  the  norma 1  sites  for  both  anions  and 
cations  at  high  temperatures  is  that  if  the  ions 
reside  on  the  chains,  the  effect  of  pressure 
should  be  to  increase  the  conductivity  since  the 
chains  would  be  closer  together  at  elevated 
pressures.  lur  1 1  n  t  ei  s  t  n  e  i  nt  ers  t  u  e"  jumping, 
increased  closeness  of  the  chains  should 
inhibit  the  motion  thus  decreasing  the  con¬ 
ductivity.  as  is  observed  experimentally. 


T(K) 


As  an  dl  tentative  transport  nit* chuni m-i,  tin* 
int  .rahol  i cal  jumping  process,  is  often  discussed 
in  conjunction  with  these  materials,  some 
comments  h ere  are  appropriate.  This  process  is 
ruled  out  by  the  large  inode  (irunnisen  parameter 
as  that  transport  wot  nanism  woe  Id  require  intra- 
chjin  vibrations.  liuwever,  chain-end  bridging, 
tthf.ii  must  be  associated  with  an  i  nt  rah'*  I  u  a  I 
jumping  prut  ess  in  real  materials,  would 
probably  require  int.en:h«»in  vibrations  and  thus 
such  a  process  might  be  consistent  with  the 
present  results.  However,  the  conclusion  that 
the  int  rahol  teal  jumping  process  is  not 
dominant,  in  these  mater  ial*,  is  consistent,  with 
the  ret en f  results  ot  Papke  et  alJ-' 


ligure.h:  Activation  vu?u"'r*  vs.  tec  r  at  ur<- 
cahulated  us  m-;  <  «|ii.i t  i i»n  .IS  and  t  n* *  values 
ot  the  parameter,  given  in  the  text. 


I  hi**. i*  ton*,  i  derat  ion*,  have  further  ir  pi  i  cat  ions 
c.  etu  ern  i  n  ;  t  fit  ■  ai?.  iva'ion  vi>1;jm<*s  and  th- 

n.iVun*  of  l  .  It  follows  tr.fi  IguaMon  (4)  t i  : 
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’Ill 


I  ri't'  Vcj  I  mm  •  Analysis 


....  pressure  rf, ul  t i  an  also  tic  ir.nl  I"  mmi  i  iil 
on  tree  volume  theory  ay  represented  by 
equation  (-1).  I'jpke  et  a!.',:  have  •■Iniwn  tn.it 
on  the  t»iV..  is  of  a  tout'  jgurat  umol  ■•nl.rupy  model 
Equation  (4)  can  he  derived  in  whirl) : 


I  gS 
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(i.D 


wh 


.  a 

>nd 


constant,  SL  is  a  ( onf  i  ;arat  iortal 
lu  is  a  parameter  usually 
tP.'.iis  iiit.'1.:  ith  the  glass  transition 
tempera t  .jp*  !o  onl»r  ?r.  use  (citation  (4)  to 
LOi'-iiw.*ht  oil  the  act  i  v«t  *  ii.ii  vo  I  ume ,  the  first  step 
is  to  consider: 
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assuming  that  SL  and  l>  are  independent  of 
pressure.  The  two  terms  in  Iguation  (14)  are 
approximately  equal  magnitude  if  T0  is  iden¬ 
tified  with  the  glass  transition  temperature 
since*  for  polymers  in  general,  (  »Ty/  *P)  is 
about  Ihh/kbar-^  and  for  (TO,  T0  and 

v  -•  JO  cm^/mol .  Using  these  nunbors,  both  terms 


ami  values  of 
V)  ;),  (  -In  /  *P )  -  ll  Tj’*'a ,  and 
values  (>f  the  activation 
t  “isperat  urv*.  M<  d  1 ,  '  cd  l*y 
•  he 

ve  va luts 


i.ing  the  . .trn*  n.c'l 
,  <>.f.*  eV.  (  do  {> 

.  •  4  k  -/mol,;-U  t 
i'lum»*  .it  var  um 
.,uat  ion  (Is)  art  plotted  in  li-jure 
!  i  •  i  nut  i nu i !  v  .if  I  !,,  ami  large  **eija 


I.t  r  r‘lt 


!  n  t  iic  t  , 
r  i  at  j»  i*  o’ 

yield* 

(*n  voluii'i 


.»♦  v  for  I  in*  t  .ibeve  *1  o  .ns*  a; : 
at  I  .s'iU. .  r  .-bout  the  tr 

trn.  pr**  .ent  e*pe>  lr-'iit,  1  qua t  ion 
v  -,*/  u1-  s’mnl,  a  negative  .ntivat 
•V;  such  xicMvatien  volumes  sr *em  inap:  ropri.i! e 
ter  the  pro*. ent  *  yst»m,  it  is  (nm  laded  that  i 
free  volume  theory  To  <  annet  be  i  et  erpi  >  t  eil  as 
the  (jla*,!,  t  r  are,  i  f  ion  ti*/pf»er*it  uro. 


iiowever.  it  i  .  i  lear  tnat  ■  hi 
often  non  Arne-M  i  us  ,  ii'-evin*.1  1  g 
!  hus  f  roe  v<>  I  ui  ie  t  neut'v  i  s  use  t 


eon.; 


interpretation  of  T()  is  urn  lear. 
a  1  torrid  t  t  ve  interpretat  ion  i  *•  t» 
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'  urve  Lure*  l  n  t  he 

At  rheii  i  ,c 

I'lnt'  tu 

vl 
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I  l.  ( 

(14) 

by  analo'jy  with 
assoc lat ion  b*th 

1  nil  It  1  I'V. 

with  f’»f' 

;  .1 1  .  .  In 

.  i.nie  .in 

Of 


in  parentheses  are  about  K.*x1(l“«'J 


1 1  \  i  . 

I  .* or,  «■*,'  and 
,  t»nm.jn  the 
An 

it  tribute  the 
.r .  .or  i  a  t  ion" 
:  1  U , 

v  ->  1 1  h  r*,it  * 

other  (ion  eairiej)  must  be  (onsidmed.  ‘.-r-j.ar 
cons i derat  ions  have  been  suggested  previously 
t>v  f’apkt*  f*t  a  1.14  /-ddi  t  ional  1  v ,  the  polvmt*r 
prot'al’lv  multiph.ro  and  thus  some-  of  the 
curvature  may  also  :c  attributable  to 
egu i  1  rbra t  ton  aiiono  the  var  ious  phases. 


T.3.  Variation  ol  v  with  Pie. sure 
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Finally,  a  few  coniin*nt,  will  be  made  concern inq 
the  curvature  of  the  ln(G)  vs.  pressure  plots. 
The  values  ot  h  in  l*|uition  (I)  ramie  f  ro-n  about 
2  to  20(GPa)~‘.  In«“.e  values  are  not  unphysical 
as  can  be  seen  from  the  followimj  analysis. 
Iijnorinii  the  Lurreitiun  term  in  fixation  (9), 
the  "compressibility  of  the  activation  volume," 


*0n  le.ive  f  i  om  Simon  Bolivar  University, 

Caracas,  Venezuela 


v  ,  can  tie  calculated  front: 
v 

«lnv  2k  Tb 
Vv  >R  v 


(lb) 


The  results  of  the  calculat tons  are  listed  in 
Table  1.  It  is  seen  that  the  compiv  ■;  it>i  1  i  ty 
of  the  activation  volure  ranue  trot',  at  out  3.  to 
22  K  .  This  aurees  with  the  theoretical 
expectations 33-35  jmj  the  experiment al  results'1' 
in  ionic  crystals  where  the  comp  res  » it>  i  1 1  ty  ot 
the  migration  volume  is  found  to  tie  on  the  enter 
of  6-2‘  time,  the  i  e..  pt  ess  i  I  i  1  i » •»  ei  thr  ho.t 
1  a  1 1  u  e  . 
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In  sj;  is.u  ,  ,  the  L'Mvi!  of  pressure  on  the  ionic 
conductivity  in  aUtli  metal  perchlorate  and 
thiocydfidte  completed  ?':.*)  ha.  been  •ieu->  ured. 
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NOTE  AOOED  IN  PROOF 


After  the  completion  of  the  work  described  above, 
two  experiments  were  performed  which  extend  and 
support  the  results  reported  above.  First, 
careful  differential  scanning  calorimeter  (DSC) 
measurements  were  performed  on  all  samples  using 
a  DuPont  990  DSC.  The  data  for  PE04.5-NaC104 
and  PE04.5-NaSCN  were  extremely  similar  consisting 
of  a  weak,  narrow  melting  at  low  temperatures  (20- 
30C),  a  stong,  narrow  melting  at  high  temperatures 
(150-180C),  and  a  weak,  broad  endothermic  event 
between  these  two  peaks.  This  supports  the 
comparison  of  these  two  materials  at  all 
temperatures.  That  data  will  be  presented  In 
detail  elsewhere. 

Second,  the  temperature  range  of  the  pressure 
measurements  was  extended  to  350K  for  the  two 
most  Important  materials,  PE04.5-NaC104  and 
PE04.5-NaSCN.  The  results  for  PEO.  5-NaC10.  can 
be  represented  by:  * 

ln(G(n-1))  -  -7.9  -  10. 2P  +  4.6P2 
and  , 

ln(G(n"'))  -  -8.0  -  7.3P 

describes  the  data  for  PE04.5-NaSCN.  The  latter 
material  was  a  hot-pressed  sample  provided  by 
Northwestern  University  while  the  former  was  a 
film  prepared  In  our  laboratory.  These  results 
lead  to  activation  volumes  of  30.2  and  22.0 
cm3/mo1,  respectively.  Once  again,  the  activation 
volume  for  PE04.5-NaC104  Is  found  to  be  much 
larger  than  for  PE04,5-NaSCN.  Consequently,  this 
extends  and  supports  the  arguments  above  concern¬ 
ing  Ion  size  effects  on  v  and  the  resultant  con- 
conclusion  concerning  anion  motion  In  these 
materials.  Next,  the  activation  volumes  are 
smaller  at  350K  than  at  lower  temperatures  though 
not  small  enough  to  change  any  of  the  arguments 
presented  above  concerning  the  transport 
mechanism.  That  Is,  since  ya»1.72  and  2.38(1.29) 
for  these  materials  at  350K,  these  are  still  much 
larger  than  would  be  expected  for  Intrachain  mode 
gammas.  Finally,  It  Is  noted  that  the  extremely 
large  decrease  In  v  (26.4  to  15.9  cm^/mol  for 
313  to  350K)  as  temperature  Increases  which  Is 
reported  by  Chadwick,  Strange,  and  Worboys  for 
PE04,5-NaSCN  at  this  conference.  Is  not  reproduced 
In  the  present  work.  However,  It  Is  noted  that 
the  PE04.5-NaSCN  studied  at  350K  In  the  present 


work  was  hot-pressed  while  that  of  Chadwick  et 
al .  was  a  film.  Consequently,  some  of  the 
difference  may  be  due  to  the  difference  between 
the  preparative  techniques.  In  support  of  this, 
the  PE04.5-NaSCN  films  studied  In  the  present 
work  showed  significant  curvature  while  the  hot- 
pressed  samples  did  not.  Further,  the  zero 
pressure  slope  for  the  hot-pressed  sample  Is 
about  10%  lower  than  for  the  film.  In  addition, 
the  P£04.5-NaC104,  which  Is  a  film,  does 
exhibit  a  somewhat  larger  decrease  in  activation 
volume  as  temperature  Increases  (38.5  to  30.2 
cmtymol  for  310  to  350K)  than  does  the  hot- 
pressed  PE04,5-NaSCN.  However,  the  decrease  is 
still  much  smaller  than  that  observed  by 
Chadwick  et  al .  Whatever  the  magnitude,  it  is 
clear  that  v  does  decrease  with  Increasing 
temperature.  Some  decrease  Is  expected  since, 
as  temperature  increases  and  the  polymer  expands, 
the  free  volume  Increases  and  thus  the  activation 
volume  should  decrease.  However,  the  decrease  In 
activation  volume  appears  to  be  too  large  to  be 
explained  by  this  effect.  Rather,  these  results 
may  represent  evidence  for  an  "association" 
process  occurring  In  the  polymer.  In  such  a 
model,  the  large  decrease  In  activation  volume 
follows  since  at  low  temperatures  there  is  a 
"volume  of  formation"  for  the  associated  Ions  In 
addition  to  a  "motion  volume."  The  activation 
volume  then  decreases  because  the  "formation 
volume"  decreases  due  to  Increased  "dissociation" 
as  temperature  Increases. 
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